The absorption rate of rapid acting (soluble) insulin is slow from the subcutaneous tissue of the thigh compared to intramuscular injection into the thigh and s. c. injection into the abdominal wall. The aim of the study was to evaluate the impact of soluble insulin injected either intramuscularly into the thigh (IMT), s. c. into the abdominal wall (SCA) or s.c. into the thigh (SCT) on glycaemic control in Type 1 (insulin-dependent) diabetic outpatients treated with the basal bolus insulin delivery regimen. Fifty-five, C-peptide negative Type 1 diabetic outpatients were included in a randomised 3-month intervention study. The insulin doses were adjusted frequently by blinded observers based on the patients' self-monitored blood glucose values and reported hypoglycaemic episodes. The serum fructosamine value was within normal limits in three patients in the IMT group, in six patients in the SCA group and in none of the patients in the SCT group following the intervention period (p < 0.01). However, the difference in mean serum fructosamine values did not reach statistical significance (IMT: 1.24 retool/1 (95 % confidence interval; 1.17 to 1.31), SCA: 1.25 mmol/1 (1.18 to 1.32), SCT: 1.34 mmol/1 (1.26 to 1.41), (p = 0.09)). Blood glucose excursions were larger in the SCT group than in the SCA and IMT group from post-lunch to pre-dinner measurements and from pre-to post-dinner measurements. A higher number of measured low nocturnal blood glucose values (less than 4 mmol/1) was observed in the SCT group (34 of 85) than in the IMT (14 of 64) and SCA (21 of 81) group (p < 0.05). Three patients in the IMT group, two in the SCA group, and seven in the SCT group experienced severe hypoglycaemic episodes (p = 0.14). In conclusion s. c. injection of soluble insulin into the abdominal wall is preferable compared to s. c. injection into the thigh in the basal bolus insulin delivery regimen. Furthermore, soluble insulin injection s. c. into the thigh during daytime has important clinical implications for the development of nocturnal hypoglycaemia independently of the NPH insulin injection at bedtime.
Summary.
The absorption rate of rapid acting (soluble) insulin is slow from the subcutaneous tissue of the thigh compared to intramuscular injection into the thigh and s. c. injection into the abdominal wall. The aim of the study was to evaluate the impact of soluble insulin injected either intramuscularly into the thigh (IMT), s. c. into the abdominal wall (SCA) or s.c. into the thigh (SCT) on glycaemic control in Type 1 (insulin-dependent) diabetic outpatients treated with the basal bolus insulin delivery regimen. Fifty-five, C-peptide negative Type 1 diabetic outpatients were included in a randomised 3-month intervention study. The insulin doses were adjusted frequently by blinded observers based on the patients' self-monitored blood glucose values and reported hypoglycaemic episodes. The serum fructosamine value was within normal limits in three patients in the IMT group, in six patients in the SCA group and in none of the patients in the SCT group following the intervention period (p < 0.01). However, the difference in mean serum fructosamine values did not reach statistical significance (IMT: 1.24 retool/1 (95 % confidence interval; 1.17 to 1.31), SCA: 1.25 mmol/1 (1.18 to 1.32), SCT: 1.34 mmol/1 (1.26 to 1.41), (p = 0.09)). Blood glucose excursions were larger in the SCT group than in the SCA and IMT group from post-lunch to pre-dinner measurements and from pre-to post-dinner measurements. A higher number of measured low nocturnal blood glucose values (less than 4 mmol/1) was observed in the SCT group (34 of 85) than in the IMT (14 of 64) and SCA (21 of 81) group (p < 0.05). Three patients in the IMT group, two in the SCA group, and seven in the SCT group experienced severe hypoglycaemic episodes (p = 0.14). In conclusion s. c. injection of soluble insulin into the abdominal wall is preferable compared to s. c. injection into the thigh in the basal bolus insulin delivery regimen. Furthermore, soluble insulin injection s. c. into the thigh during daytime has important clinical implications for the development of nocturnal hypoglycaemia independently of the NPH insulin injection at bedtime.
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The multiple insulin injection regimen (basal bolus insulin delivery regimen) is based on injections of soluble (rapid acting) insulin at mealtimes and injections of NPH (intermediate acting) insulin at bedtime. The purpose of this insulin regimen is to mimic the normal diurnal plasma insulin profile [1] . Thus, the purpose of the bolus component is to provide insulin delivery adequately timed to the absorption of the meal, whereas the purpose of the basal component is to provide adequate insulinisation during the night time and between meals. Obviously, insulin delivery depends on the absorption rate of the injected insulin and this has been demonstrated to vary considerably between different anatomical regions [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] .
It has been shown, that the preferred injection site for NPH insulin is the subcutaneous (s.c.) tissue of the thigh [8, [10] [11] [12] . Thus, this injection site produces the most constant insulin absorption rate with the smallest peak in plasma insulin [8, [10] [11] [12] . Furthermore, the subcutaneous tissue of the thigh is the injection site with the lowest intrapatient coefficient of variation of absorption [10] .
However, the absorption rate of soluble insulin from the subcutaneous tissue of the thigh is too slow to adequately mimic the normal spikes in plasma insulin following the meals [2] . Thus, approximately 50 % of the s.c. injected insulin is absorbed after 5 h compared to 2 h after intramuscular (i.m.) injection into the thigh [2, 4] . The absorption rate of soluble insulin from the abdominal wall is as fast as i.m. injected insulin into the thigh [4, 8, 13] and the absorption rate is faster than seen after s.c. injection into the thigh [6] [7] [8] . The consequence of a slow absorption rate of soluble insulin is relative hypoinsulinaemia after a meal and relative hyperinsulinaemia before the next meal. In turn, this enhances post-prandial hyperglycaemia and causes an increased risk for pre-prandial hypoglycaemia. We previously demonstrated in an inpatient cross-over study that i.m. injection of soluble insulin into the thigh clearly generates an insulin profile with meal-related peaks in plasma insulin whereas the peaks obtained after s. c. injection into the thigh were blunted [2] . Consequently, the coefficient of variation of blood glucose concentrations during the study period was significantly higher following s. c. injections into the thigh compared to the period with i.m. injections. Therefore, our previous study indicated that i.m. injection of soluble insulin in the basal bolus insulin delivery regimen may be beneficial compared to s.c. injection into the thigh. On the other hand, other investigators have warned against an increased risk for exercise-induced hypoglycaemia following i.m. injection of soluble insulin [3, 14] . Therefore, studies have been requested [14] to evaluate the impact of insulin injection site for long-term metabolic control, risk for hypoglycaemic episodes and acceptability to patients.
The present study was designed to answer these questions in a single blinded 3-month outpatient setting, where patients were randomly assigned to injection of soluble insulin into either the intramuscular tissue of the thigh (IMT), the subcutaneous tissue of the abdominal wall (SCA) or the subcutaneous tissue of thigh (SCT). NPH insulin was injected s. c. into the thigh in all patients.
Patients and methods

Patients
Type i diabetic patients, attending the outpatient clinic at Odense University Hospital, Department of Endocrinology, were invited to participate in the study. Fifty-five patients gave informed consent and were included. All patients were without endogenous insulin secretion (C-peptide < 0.06 nmol/l). Patients were treated with soluble insulin (Actrapid HM or Velosulin HM; Novo-Nordisk, Bagsvaerd, Denmark) before breakfast, lunch and dinner and intermediate acting insulin (Protaphane HM or Insulatard HM; Novo-Nordisk) at bedtime. Six patients were later excluded from the study due to insufficient compliance (i.e. performed less than 25 % of requested blood glucose measurements). Three patients were from the IMT group, two from the SCA group and one from the SCT group. Clinical characteristics are given in Table 1 .
All patients were carefully informed about the nature and purpose of the study before their consent to participate was obtained. The protocol of the study was reviewed and approved by the regional ethical committee.
Protocol and methods
After a 1 month run-in period patients were randomized to three different injection sites for soluble insulin for 3 months using either i. m. injection into the thigh (IMT), s. c. injection into the abdominal wall (SCA) or s. c. injection into the thigh (SCT). In all three groups intermediate acting insulin at bedtime was taken s. c. into the thigh. Patients visited the outpatient clinic at the start of the run-in period, at randomisation and 1 -, 2.5 -and 3 months after randomisation. In addition to the scheduled visits to the outpatient clinic frequent contacts were made to the patients by telephone and letter to achieve or improve compliance. At the end of the study patients were asked to answer a questionnaire regarding the injection site and technique they had used before and during the study. The patients were also asked about their physical activity level during the study period.
Subcutaneous thickness and injection technique.
In patients randomized to thigh injection for soluble insulin the thickness of the subcutaneous tissue was determined with an ultrasound scanner (Picker 9500; Hitachi, Tokyo, Japan) using a linear transducer (5 MHZ R40). Thickness of the subcutaneous tissue was measured at nine different sites in the anterolateral area on each thigh and noted in a diagram. Using this diagram patients in the SCT and IMT groups were instructed to use appropriate areas of the thigh to ensure either Table 2 . Metabolic control at the end of intervention, severe hypoglycaemic episodes during the intervention period and mild hypoglycaemic episodes in the last 14 days period of the study in 49 Type i diabetic patients who used different injection sites for soluble insulin (IMT, intramuscular tissue of the thigh; S CA, subcutaneous tissue of the abdominal wall; S CT, subcutaneous tissue of the thigh) 18.4) and was larger in the medial and proximal part of the thigh than in the lateral and distal part of the thigh (11.9 _+ 0.6 mm vs 8.8 + 0.5 mm). None of the patients had any lipodystrophy at the injection sites either at the thigh or at the abdomen. The SCA group was instructed to use the area from 10 cm above to 10 cm below the umbilicus and up to 15 cm lateral to each side.
For s. c. injections 12.5 mm needles were used and injection given into an elevated skin fold at an angle of 45 ~ For i. m. injection 16 mm needles were used with perpendicular injection without elevation of the skin.
The patients injected soluble insulin immediately after blood glucose measurements before meals. NPH insulin was injected at 22.00 hours. Intermediate acting insulin was injected s. c. into the thigh in all three groups.
Blood samples. Three times during the study period (at run-in, randomisation and at the end of the study) blood was sampled for measurements of HbA1 c (HPLC, normal range 5.4 to 7.4 %), and serum (se) fructosamine (corrected for variation in se-albumin (normal range 0.86 to 1.14 mmol/1 [15, 16] ).
Equipment. At the start of the run-in period each patient received a glycometer (Reflolux S; Boehringer Mannheim GmbH Diagnostica, Mannheim, FRG) together with a connectable memory device (CAMIT EL; Boehringer Mannheim GmbH Diagnostica). All glycometers were tested and certified as error-free by a specially trained technician. Test strips (Haemoglycotest 1-44 R) were all from the same batch. Patients were carefully instructed in both theory and practice of the use of the glycometer and memory device.
Blood glucose measurement. During the first month of the intervention period blood glucose was measured daily four times per day i. e. before meals and at bedtime. After that blood glucose was measured twice per week with measurements before and 1.5 h after meals and at bedtime. During the last 2 weeks of the study period blood glucose was measured before and after meals, at bedtime and at 03.00 hours.
The latter measurements were used in the comparison of the three different injection sites.
Insulin dose adjustment. During the adjustment period (0-2.5 months) insufin doses were adjusted by trained diabetologists who were unaware of the injection site on each individual. Thus adjustments were made each week during the first month and after that every second week. Adjustments were made based on blood glucose profiles and reported hypoglycaemic episodes. The aim of these adjustments was to achieve "near normal" pre-meal blood glucose values. Thus, the target was 4-7 mmol/l for pre-meal blood glucose values and 7-10 mmol/l for glucose values measured 1.5 h after meals and at bedtime.
Hypoglycaemia. Two categories of hypoglycaemic episodes were defined in the protocol. Mild hypoglycaemic attacks were defined as episodes which the patient could handle himself by intake of glucose. If the patient became dependent on help from other persons the attack was defined as "severe". Only three mild hypoglycaemic episodes were allowed per week. For higher frequencies insulin doses were reduced or redistributed.
Statistical analys&
Differences between values before and after the intervention period were evaluated using Student's t-test for paired data. Differences between groups were determined by one-way analysis of variance. Differences in distributions between the groups were assessed with the G-test [17] .
For each patient a mean diurnal blood glucose profile was calculated from the final 6 days of the study. The coefficient of variation (CV) and changes in blood glucose values during the day were thereafter calculated from this profile. Differences between the groups in CV, in blood glucose concentrations and in changes in blood glucose concentrations were then compared using one-way ANOVA. Data are presented as mean and 95 % confidence limits. Differences with p-values less than 0.05 were considered significant. 
Results
Overall metabolic control
Metabolic control was similar in the three groups at the start of the study and remained unchanged during the runin period (Table 1) . Following the intervention period both HbAlc value (8.39 % (95 % CI, 8.00 to 8.78) to 7.94 % (7.64 to 8.24), (p < 0.002)) and se-fructosamine value (1.42 mmol/1 (1.37 to 1.48) to 1.27 mmol/1 (1.23 to 1.32),(p < 0.0001)) were reduced compared to before the study.
There was no difference between the groups in HbAlc value or in se-fructosamine value at the end of the study although there was a tendency towards a higher se-fructosamine value in the SCT group (Table 2, p = 0.09). However, following intervention se-fructosamine values were normal in three patients in the IMT group, in six patients in the SCA group and in none of the patients in the SCT group (Table 2 ). This was in contrast to before intervention where se-fructosamine values were normal in none of the patients in the IMT group, one patient in the SCA group and two patients in the SCT group (Table 1) . Figure 1 shows the mean diurnal blood glucose values for the three groups. The profiles for the IMT and the SCA groups look similar, whereas the profile for the SCT group has another appearance with larger fluctuations in blood glucose values at the end of the day, although there was no difference in the CV (Table 2, NS). However, blood glucose concentrations from post-lunch measurement to predinner measurement decreased 1.2 mmol/1 (-2.6 to 0.3) in the SCT group compared to an increase in the IMT and the SCA groups (0.9 mmol/1 (-0.8 to 2.5) and 1.0 mmol/1 (0.0 to 2.0), (p < 0.04)). Also the increase in blood glucose concentration from pre-to post-dinner measurements was higher in the SCT group than in the SCA and IMT group (IMT: 1.5 mmol/1 (0.4 to 2.6), SCA: 1.1 mmol/1 (-0.1 to 2.3), SCT: 2.7 mmol/1 (2.0 to 3.5), (p < 0.05)). Blood glucose concentration from bedtime to 03.00 hours decreased 2.9 mmol/1 (1.6 to 4.3) in the SCT group compared to only 0.5 mmol/1 (-0.6 to 1.5) in the IMT group and 0.1 mmol/1 (-1.7 to 1.8) in the SCA group (p < 0.008). All other changes in blood glucose concentrations during the day were similar between the groups.
Glycaemic control during the last2 weeks
Mean blood glucose value at night was significantly lower in the SCT group than in the other two groups ( Fig. 1 and Table 2 ). This was due to a statistically significant larger number of measured blood glucose values below 4 mmol/1 in the SCT group (Fig. i and Table 2 ).
Hypoglycaemia
There was a tendency towards a higher proportion of patients with severe hypoglycaemic episodes in the SCT group (Table 2 , p = 0.16) and a tendency towards more episodes (Table2, Kruskal-Wallis one-way ANOVA, p = 0.14). Seven hypoglycaemic episodes were with loss of consciousness. One patient in the IMT group experienced two episodes, three patients in the SCT experienced four episodes and one patient in the SCA group experienced one episode.
lnsulin dose
Total daily insulin dose was increased in all but the SCT group during the intervention period (Table 3) . However, the difference between the groups did not attain statistical significance. On the other hand, a clear difference between the groups was noted in the bedtime NPH insulin dose (Table 3) . Thus, in the SCA and IMT groups the NPH insulin dose increased whereas in the SCT group there was no increase (Table 3) . Despite the increase in insulin dose, body weight remained unchanged (Table 2) .
Physical activity level and acceptability of injection site
There was no difference in the level of physical activity between the groups either in the level during the working hours (total hours per week of walking and of moderate to hard physical activity: IMT: 19.0 (9.5 to 28.5), SCA: 18. Of the patients who injected soluble insulin into the abdominal wall before the study and who were randomly assigned to the SCT group (16 patients), 7 patients claimed that they had equal pain at the new injection site, 7 pa- Nocturnal blood glucose values measured during the last 2 weeks of the 3-month intervention period in three groups of Type 1 diabetic patients randomized to injection of soluble insulin either i.m. into the thigh (IMT), s.c. into the abdominal wall (SCA) or s.c. into the thigh (SCT) at mealtimes. The SCT group had a higher number of blood glucose values below 4 mmol/l (p < 0.05) tients had greater pain and 2 had less pain. In the IMT group (13 patients) 7 had equal pain, 5 had more pain and i had less pain. The patients were also asked if they would use the injection site they had used in the study in the future if we could recommend it. All patients who used the SCA would accept it and 9 of 14 patients in the IMT group and 13 of 18 patients in the SCT group would accept the used injection site. Given a free choice most patients preferred the abdominal wall as the site for soluble insulin injections. Thus, 36 patients would prefer the abdominal wall, 2 patients the subcutaneous tissue of the thigh, 3 patients the intramuscular tissue of the thigh and 8 patients would prefer to alternate between injection sites (p < 0.001).
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Discussion
The present study demonstrates that soluble insulin injection into the subcutaneous tissue of the abdominal wall and into the intramuscular tissue of the thigh produces equal glycaemic control, whereas use of the subcutaneous tissue of the thigh is followed by larger blood glucose excursions including a higher risk of nocturnal hypoglycaemia.
In our outpatient clinic we aim for patients to have HbAlc values below 8.0 %. At the end of the 3-month intensified insulin treatment period, the IMT and SCA group had mean values below this value but not the SCT group. However, the HbAIo value was not different between the groups. HbAlc and se-fructosamine are assumed to reflect glycaemic control during the preceding 2-3 months and 4-6 weeks, respectively [18] and in this way se-fructosamine can be assumed to reflect glycaemic control more precisely at the end of intervention. There was a tendency towards a lower se-fructosamine value in the SCA and IMT groups, although this did not reach statistical significance. However, more patients in the IMT and SCA groups than in the SCT group had a normal sefructosamine value following intervention.
Blood glucose concentrations increased more after the meal and decreased more after the postprandial blood glucose peak around lunch and dinner in the SCT group. This is in agreement with our previous findings [2] . Due to the slow absorption rate of soluble insulin from the subcutaneous tissue of the thigh, blood glucose concentrations would increase more after meals and due to the prolonged action of the injected insulin blood glucose concentrations would decline more from the postprandial blood glucose peak to the next meal. Thus, in our previous inpatient study we found a significantly lower CV of diurnal blood glucose concentrations after i.m. injection of soluble insulin into the thigh than after s. c. injection into the thigh [2] An important finding in the present study was the marked decrease in blood glucose concentrations from bedtime to 03.00 hours in the SCT group The lower noc turnal blood glucose concentration in the SCT group was due to a higher incidence of blood glucose values below 4 mmol/1. Nocturnal hypoglycaemia is a major problem in the treatment of the diabetic patient [19] [20] [21] [22] [23] [24] [25] ; several risk factors have been identified [23] [24] [25] . The present study indicates a formerly unknown risk factor. An increased risk for nocturnal hypoglycaemia was demonstrated when soluble insulin was injected s. c. into the thigh during the day.
It is important to realise that the increased number of nocturnal low blood glucose values in the SCT group was not due to an increased NPH insulin dose at bedtime. In fact, the bedtime NPH insulin dose remained unchanged in the SCT group, whereas the NPH insulin dose in the SCA and IMT group was increased by about 4 units during the intervention period by the single blinded diabetes treatment team. Therefore, if the NPH insulin dose in the SCT group had been increased as in the SCA and IMT group it seems reasonable to assume an even higher number of low blood glucose values at night in the SCT group.
Another risk factor for nocturnal hypoglycaemia is blood glucose concentration at bedtime, thus the lower the blood glucose concentration the higher the risk for developing nocturnal hypoglycaemia [23] [24] [25] . However, blood glucose concentration at bedtime was similar in the three groups. Also, the injection site for NPH insulin at bedtime was the same in the three groups. It thus seems unlikely that differences in the absorption rate of NPH insulin between the groups could have been responsible for the higher number of low blood glucose values in the S CT group.
The finding that the injection site for soluble insulin during the day markedly influences the blood glucose concentrations at night has important clinical implications. Thus, a low blood glucose concentration at night is usually prevented by a reduction of the bedtime NPH insulin dose [26] . However, this study demonstrates that the insulin injection site and, thereby also the insulin doses of soluble insulin during the day has a great influence on the nighttime blood glucose concentrations. This means that the day time insulin injection technique and the insulin dose should be considered in the future if a low nocturnal blood glucose concentration is inadequately controlled by a reduction of the NPH insulin dose. In this context it should be noted that the pre-dinner soluble insulin injection in particular may be the prime candidate to influence nighttime blood glucose concentration.
It has been suggested that i.m. injection of soluble insulin might be dangerous due to an elevated risk of exercise-induced hypoglycaemic episodes and for this reason that i.m. injection should be avoided [4] . During our 3-month study there was no evidence of such an elevated risk for severe hypoglycaemic episodes in the IMT group. In contrast, more patients in SCT group experienced severe hypoglycaemic episodes although this did not attain statistical significance. The difference could not be explained by a difference in the level of physical activity as this was comparable between the groups. Severe hypoglycaemic attacks in the SCT group could be due to the delayed insulin absorption from the subcutaneous tissue of the thigh resulting in inappropriate hyperinsulinaemia hours after the meal. This, together with exercise could be potentially dangerous regarding the development of severe hypoglycaemic episodes.
If a patient refuses to use the abdominal wall for injection of soluble insulin he should be advised to use the intramuscular tissue of the thigh. Among our patients the acceptability of this injection site was as high as the acceptability of the s. c. injection site of the thigh. Also the pain after i. m. injection was comparable to that seen after s. c. injection into the thigh. This is consistent with the findings of Wynne et al. [27] , who have demonstrated that i. m. injection of insulin with a thin needle is no more painful than s.c. injection. Importantly, the thickness of the subcutaneous tissue is thinner on the lateral and distal aspects of the thigh. Therefore, this is the most appropriate area to recommend, if it is not possible to assess the precise subcutaneous thickness using ultrasound measurement. Furthermore, a 16 mm long needle should be used with injection given perpendicular to the skin.
However, most of our patients preferred the abdominal wall as injection site for soluble insulin. Obviously, this in-757 jection site is more convenient at mealtime than the injection sites of the thigh. The abdominal wall is often easily accessible also in public places whereas thigh injection most often must be preceded by removal of more clothing. On the other hand, from a pharmacokinetic point of view the best injection site for NPH insulin is the thigh and also from a practical point of view thigh injection at bedtime is acceptable.
In conclusion we have demonstrated that an equal glycaemic control can be obtained with i.m. injection of soluble insulin into the thigh as with s.c. injection into the abdominal wall and that i.m. injection is not associated with an increased risk of severe hypoglycaemia. Injection of soluble insulin into the thigh s. c. at mealtime is followed by a non-favourable glycaemic control with larger blood glucose excursions and an enhanced risk for nocturnal hypoglycaemia. We therefore recommend that soluble insulin in the basal bolus insulin regimen should be injected s.c. into the abdominal wall or alternatively i. m. into the thigh, whereas s.c. injection of soluble insulin into the thigh should be avoided.
